Seven-helix membrane proteins represent a challenge for structural biology. Here we report the first NMR structure determination of a detergent-solubilized seven-helix transmembrane (7TM) protein, the phototaxis receptor sensory rhodopsin II (pSRII) from Natronomonas pharaonis, as a proof of principle. The overall quality of the structure ensemble is good (backbone r.m.s. deviation of 0.48 Å) and agrees well with previously determined X-ray structures. Furthermore, measurements in more native-like small phospholipid bicelles indicate that the protein structure is the same as in detergent micelles, suggesting that environment-specific effects are minimal when using mild detergents. We use our case study as a platform to discuss the feasibility of similar solution NMR studies for other 7TM proteins, including members of the family of G protein-coupled receptors.
Membrane proteins are highly abundant, comprising more than a third of all cellular proteins, but they are structurally under-represented (http://blanco.biomol.uci.edu/). To obtain high-resolution structural information on integral membrane proteins remains a great challenge. X-ray crystallography is the primary tool for structure determination, but NMR spectroscopy has now established itself as a major technique for such proteins. Although the polytopic α-helical membrane proteins in particular remain problematic targets for structure determination, encouraging contributions have recently emerged using X-ray crystallography 1-3 and both solution [4] [5] [6] [7] [8] and solid-state [9] [10] [11] NMR spectroscopy. The structural inaccessibility of G protein-coupled receptors (GPCRs) has proved a particular bottleneck in understanding the mechanism of ligand binding and conformational changes associated with the activation of these proteins, which represent the largest family of receptors that signal across the eukaryotic cell membrane 12 . However, the past two years have seen some remarkable breakthroughs in the analysis of GPCR structures by X-ray crystallography [13] [14] [15] [16] , as obstacles related to insufficient stability and conformational heterogeneity of GPCRs have been gradually circumvented 2, 3 .
To date, only a few sizeable structures of α-helical membrane proteins have been solved by solution NMR 4, 17, 18 , of which only one is monomeric 5 . NMR spectroscopy is in principle able to report the structure and dynamics of such proteins and allows investigation of the very conformational mobility that to a large extent interferes with the process of crystallization. In particular, NMR techniques will be able to examine ligand-activated binding processes 19 and will convey interactions with membrane-associated 20 and other proteins within the membrane. Based on their size, many 350-to 400-residue detergent-reconstituted ligand-bound GPCRs should be amenable to investigation by solution NMR methodologies. However, so far, comprehensive NMR studies of 7TM GPCR proteins in solution have been impaired by the substantial problems of sample preparation, including the inability to produce sufficient quantities of isotopically labeled protein, and the difficulties associated with the limited thermal stability, sample heterogeneity and short lifetimes of such proteins.
Our study aimed to investigate the feasibility of determining the structure of a 7TM protein using solution-based, state-of-theart NMR methodologies. As such a study is currently not feasible using GPCRs, we decided to focus on a 7TM protein that has many structural similarities to GPCRs yet also shows improved thermal stability and permits expression in sufficient quantities to allow NMR investigations. In this work, we present the first three-dimensional (3D) structure to our knowledge of a seven-helix membrane protein receptor determined by NMR spectroscopy. We used pSRII 21 from Natronomonas pharaonis, a 241-residue protein that can be expressed in sufficient quantities in Escherichia coli, as a representative model protein for our structural investigations. pSRII functions via 13-trans-cis isomerization of its all-trans retinal group as a repellent phototactic receptor to blue light, enabling the archaeon to seek the dark when respiratory substrates are plentiful. Two crystal structures of ground-state pSRII have been solved previously 22, 23 .
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We then further tested candidates with size estimates of the complex below 100 kDa for their thermal stability. From a range of 20 systematically investigated sets of conditions, we selected the detergent diheptanoylphosphatidylcholine (DHPC) for solubilization of pSRII. The NMR spectral appearance improved continually with increasing temperatures from 20 °C up to 50 °C, and we found that this detergent balanced acceptable spectral quality with sufficient sample stability at the elevated temperature used for NMR spectroscopy 24 . Based on the rotational correlation time obtained from amide 15 N transverse cross-correlated cross-relaxation rates and translational diffusion coefficients, we estimated the size of the protein-detergent complex to be 70 kDa. This corresponds to monomeric pSRII protein, which binds ~90 detergent molecules. Notably, DHPC provided excellent sample homogeneity, resulting in NMR signal-line widths that were in agreement with this estimate of the molecular weight of the complex ( Supplementary Fig. 1 and Supplementary Table 1 ).
Backbone assignment and dynamics
We previously reported near-complete backbone assignments of pSRII 24 based on six HN-detected TROSY triple-resonance experiments recorded on a highly deuterated sample. Reducing the sample pH by half a unit to pH 5.4 allowed us to complete the backbone assignment, revealing the final four residues that were undergoing intermediate exchange at the higher pH ( Supplementary Fig. 2 ). Backbone assignments benefited from nonuniform sampling methods to increase the resolution and, to a certain extent, also the sensitivity 24, 25 . We recorded most experiments multiple times, and after monitoring the sample integrity, we combined the datasets to increase the overall signal intensity. The improved sensitivity eventually resulted in a nearcomplete set of 13 Cα and 13 Cβ shift assignments. We observed a total of 307 interamide distance restraints in 15 N 3D NOESY spectra using a highly deuterated sample. We located water-exposed residues from amide-water exchange experiments that identified the loop regions and the solvent-exposed flanks of the α-helices. 15 N spin relaxation data for the backbone indicate that there is limited flexibility in the shorter of the loop regions connecting the seven ordered helices of the transmembrane core, with more pronounced flexibility on the ps-ns time scale in loops L1 and L2 connecting the first three α-helices and, to some extent, also in L5 (ref. 24) . The helical core of the protein is well structured and does not show any motion on this time scale.
To simulate the behavior of a slower-tumbling larger proteindetergent complex, we attempted to repeat the backbone assignment of pSRII at the lower temperature of 35 °C while also increasing the concentration of DHPC from 3% to 10% (w/v). The increased solution viscosity under these conditions slows the tumbling of the protein-detergent complex, imitating the behavior of a 110-kDa complex at the lower temperature and higher detergent concentration. Despite the reduced spectral quality, we were still able to complete 90% of the sequential assignments as well as to obtain amide-amide NOEs.
Side chain assignment and structural restraints
As is typical for many membrane proteins, the hydrophobic residues isoleucine, leucine and valine in pSRII account for a substantial proportion of the sequence (32%), and furthermore, these residues are distributed over all seven helices ( Fig. 1a and Supplementary Fig. 3 ). We obtained assignments for 140 out of 141 methyl groups in the isoleucine (δ1 only), leucine and valine residues using a highly deuterated, selectively methyl-protonated sample through methyl observation experiments 26 (Fig. 1b and Supplementary Fig. 4 ). We linearized the 13 C spin systems of Figure 1 Side chain assignment and NOE-derived distance restraints in pSRII. (a) Extent of the side chain assignments mapped onto a schematic topology cartoon of pSRII displaying the α-helices A-G and loops L1-L6. Residue types are color coded as follows: isoleucine, leucine and valine, red; alanine, methionine and threonine, blue; phenylalanine, tryptophan and tyrosine, yellow; all remaining residues, green. Residues with full proton assignments are encircled in bold; no circles indicate only partial side chain assignments. (b) A combination of 13 C-13 C cross-sections at the methyl 1 H frequencies of representative isoleucine, leucine and valine residues from methyl-separated experiments (left) and 1 H-13 C strip plots of the same residues at the corresponding backbone 15 
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residues valine and leucine with only one of the methyl-group positions (CH 3 )-13 C labeled to maximize the sensitivity of the assignment experiments. We used amide-based and methyldetected experiments in a complementary fashion, with the latter being more sensitive as reported previously 26 .
The high level of methyl-group assignment allowed the identification of a substantial number of NOE distances in 13 C-separated NOESY spectra ( Fig. 1c) . Exchange of the protein into micelles comprising the shorter side chain detergent DHPC (c6-DHPC) resulted in a slight alteration of peak positions, providing the assignment of additional NOEs in situations of extreme peak overlap ( Supplementary  Fig. 5 ). Analysis of a four-dimensional (4D) 13 C-separated NOESY spectrum also provided 30 long-range distance restraints between methyl groups located in different α-helices ( Supplementary Fig. 6 ). The observation of methyl-to-amide NOEs in a 15 N-separated NOESY spectrum was also particularly useful ( Supplementary Fig. 7) . Although valuable for the definition of the overall architecture, structure calculations showed that these restraints were not sufficient to reliably define the relative orientation of the individual helices. Overall, the data were not adequate to provide a reasonable global fold, indicating that additional structural restraints were required.
A limiting factor of the selective methyl-protonation labeling approach remained that many of the useful NOE signals were overlapped with or hidden by the strong diagonal signals in the spectra and so were not directly accessible. This situation could have been improved to some extent through the use of a sample with 13 C labels only in the methyl positions, which would have allowed acquisition of higher-resolution NOESY spectra not limited by the scalar couplings between adjacent 13 C spins in uniformly labeled samples. Instead, we obtained further long-range NOEs by assigning the intense and well-dispersed methyl groups of alanine from a protonated sample as well as the methyl groups of threonine, methionine and isoleucine γ2 ( Supplementary Fig. 4 and Supplementary Table 2 ) using the same protonated sample. The inclusion of alanine assignments turned out to be highly complementary to the isoleucine, leucine and valine residues due to the positioning of alanine residues in those transmembrane regions where there was a lower density of isoleucine, valine and leucine side chains (the distribution of these residues is shown in Supplementary Fig. 3b ).
Intrahelix methyl-methyl, methyl-HN and HN-HN NOEs, backbone chemical shift-derived dihedral angles and hydrogen bonds were sufficient to define the structure of the individual helices, but the quality of the structure, although improved, remained relatively low (backbone r.m.s. deviation 3.0 Å, Supplementary Fig. 8 ). In particular, it was apparent when compared with the X-ray structures 22,23 that, although the individual helices were formed and their orientation was as anticipated, their overall packing lacked the necessary compaction due to the absence of sufficient long-range distance restraints (Supplementary Fig. 8) .
A model calculation using the X-ray structure coordinates of pSRII predicted 188 methyl-methyl distances of less than 5 Å, but only 48 of these could be experimentally unambiguously observed in the NOESY spectra, leaving many peaks absent or too close to the diagonal to be assigned (Supplementary Table 2 ), such that the full NOE potential of the methyl-protonation approach could not be entirely exploited. Nevertheless, the near-complete methyl-group assignment of the isoleucine, leucine, valine, alanine, threonine and methionine residues allowed us to complete the side chain assignment of the majority of these types of residues using a combination of deuterated and protonated samples ( Fig. 1a and Supplementary Fig. 3b ). The assignment of the complete side chains of the isoleucine, leucine, valine, alanine, threonine and methionine residues, together with the short-and medium-range distances observed in α-helices, permitted the gradual expansion of the assignments to many adjacent residues as well as more distant residues within the individual α-helices ( Fig. 1a) . This iterative procedure, based mainly on the combined analysis of 3D HCCH COSY and 13 C-and 15 N-separated NOESY data, improved the level of assignment across the protein, using the assigned methylcontaining residues as starting points. Overall, this yielded an increased number of distance restraints per residue as well as the identification of more long-range interhelix contacts (Supplementary Table 2 ). As expected for a protein of such a size whose tumbling is slowed by the presence of bound detergent, this approach was eventually limited by severe overlap in the 13 C-separated NOESY spectra and the effects of increased NMR line widths, precluding by far a complete resonance assignment. The quality of the spectra was further compromised by the presence of several very strong DHPC detergent signals, which masked vital spectral information even when we applied efficient suppression methods (deuterated DHPC is not commercially available) ( Supplementary Figs. 4 and 9) . We found that the assignment of NOEs involving the aromatic side chains of phenylalanine, tyrosine and tryptophan residues had a critical impact on the outcome of the structure calculations, greatly helping to establish the interhelix Table 2 ). We assigned the aromatic residues by relying on 3D NOESY data.
The assignment of the side chains of the residues in the six loop regions followed a similar strategy, starting from the previously assigned methyl groups. We confirmed the presence of a short section of antiparallel β-sheet with a type II turn from residues 63-66 of the first extracellular loop joining helices B and C through its characteristic NOE pattern. We assigned the retinal moiety attached to Lys205 with the help of 2D J-correlation and NOESY spectroscopy, which also confirmed the all-trans conformation of the chromophore ( Supplementary Table 3 ). We identified protein-to-retinal distance restraints in 13 C-separated NOESY spectra and confirmed them as such by recording an equivalent 13 C-separated NOESY experiment without 13 C-decoupling in the indirect proton dimension.
Structure calculations
We calculated the 3D structure of pSRII using the program ARIA 27 interfaced to CNS 28 on the basis of 5,564 distance restraints (4,055 unambiguous, 1,509 ambiguous), 190 pairs of backbone torsion angle restraints and 132 hydrogen bond restraints. We handled the ambiguous distance restraints using the ARIA methodology, where the ambiguity is resolved through iterative rounds of structure calculations. We used no prior knowledge based on crystal structure information when assigning longrange NOEs. The final structures are well defined, with a r.m.s. deviation of 0.48 Å over the backbone residues 1-221 ( Fig. 2a,b and NMR structure statistics, Table 1 ). The remaining 20 residues of the C-terminal part of the protein are highly flexible and unstructured, as judged from relaxation experiments 24 , and did not show any long-range NOEs. The overall structure is in agreement with the previously determined X-ray structures, with a backbone r.m.s. deviation of 1.23 Å between our structure and one published X-ray structure 23 (PDB 1H68) ( Fig. 2c ) and 1.32 Å between the NMR structure and the other X-ray structure 22 (PDB 1JGJ) (the r.m.s. deviation between the two X-ray structures is 0.37 Å). The chromophore position in the binding pocket is well defined and shows a similar arrangement to those in the X-ray structures (Fig. 2d) . With a compact seven-helix core, the majority of the key structural features are in excellent accord, and the overall orientation, packing and length of the helices match closely between the structures.
Protein-detergent interactions
We used the spin-label reagents gadoteridol and 16-doxy-lstearic acid (16-DSA), which are water-and detergent-soluble, respectively, to establish the solvent-accessible extramembrane residues and the hydrophobic surface that is contacted by the aliphatic detergent side chains 29 ( Fig. 3 and Supplementary Fig. 10) . In both cases, proximity to the unpaired electron in the spin label led to a marked intensity reduction of all NMR signals of nearby protons (Fig. 3) . Whereas the loop regions and the helix termini were heavily broadened by the water-soluble gadoteridol, the effect of 16-DSA was maximal for outward-pointing residues located in a band that wrapped around the center of the helices and that would be deeply buried in the membrane bilayer ( Fig. 3a) . As the region affected by relaxation enhancement formed a wide band across the hydrophobic region, a micellar prolate-monolayer ring model appeared to be the most likely mode of detergent binding. Notably, residues affected by 16-DSA were biased toward the extracellular side, implying that pSRII may not be centered in the micelles, a conclusion supported by calculations of the hydrophobic core of pSRII 30 . Because pSRII is a light-driven receptor that signals into the cell, exposing more protein on the intracellular side of the membrane may promote interactions with the transducer, HtrII, facilitating signaling into the cytosol. Figure 3 Mapping of hydrophobic and solventexposed regions of pSRII through titration with the spin labels 16-DSA and gadoteridol. (a) Residues that experience a significant relaxation enhancement mapped onto the NMR structure of pSRII. Residues that interact with 16-DSA with a relaxation enhancement ε > 35 mM −1 s −1 are shown in purple. They are in close contact with the hydrophobic interior of the micelle. Solvent-exposed residues that interact with the water-soluble gadoteridol, resulting in an enhancement ε > 4 mM −1 s −1 , are shown in green. These residues are in the vicinity of the polar detergent head groups and are in contact with water. Residues represented in light gray are unaffected, with ε values below these thresholds. (b) Relaxation enhancement values obtained from the titration with the two spin labels. The same color scheme as in a is used. A graphical representation of the secondary structure is shown at the top of the diagram. 
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To further investigate the structural effects of DHPC solubilisation, and in particular possible detergent-micelle curvature-induced structural perturbations, we also reconstituted pSRII in more native-like small isotropic bicelles (DMPC/c6-DHPC ratio q = 0.3). As a better mimic of the natural environment, small phospholipid bicelles have been used in the past to functionally reconstitute several membrane proteins 31, 32 . The 15 N spectra of pSRII in small bicelles were generally broader, in agreement with their larger size, but chemical-shift comparison with the DHPC spectra showed only minor differences, mostly affecting residues at the helix extremities (Fig. 4a,b and Supplementary Fig. 11) . Similar 15 N-NOESY patterns underscored that the protein showed only small and insignificant structural differences in the two environments ( Fig. 4c) .
DISCUSSION

Structure of sensory rhodopsin pSRII
We have solved the structure of sensory rhodopsin pSRII in DHPC micelles, the first structure to our knowledge of a 7TM protein determined by solution NMR spectroscopy. The quality of the NMR structure obtained is excellent, and the final set of structures is well defined, showing the seven-helix core with the length of the α-helices matching those in the X-ray structures and with their packing and orientation also in close agreement. Aside from a few subtle differences, the resemblance between the X-ray and NMR structures of pSRII is striking (Fig. 2c) . A closer analysis of the seven individual transmembrane helices in the superposition of the closest-to-the-mean NMR structure with one of the X-ray structures 23 (PDB 1H68) showed that r.m.s. deviations were small and varied between 0.66 Å for helix B to 1.02 Å for helix A (Supplementary Fig. 12) . The side chain conformations are based predominantly on the use of unambiguous NOE assignments, of which a substantial number are available ( Fig. 1a and Supplementary  Fig. 3b ). This has resulted in an average number of 15 NOEs per residue, of which 7 are short or medium range. The average pairwise r.m.s. deviation over all the heavy atoms for residues 1-221 is 0.866 Å ( Table 1) . Loop L1 between helices A and B is in a slightly different position, but the 15 N relaxation data indicate increased mobility 24 for this region. The NMR structure shows several distinct features of the retinal binding pocket where Asp75 and Asp201, which act as counterions to the protonated Schiff base, are pointing in its direction and are located in similar positions to those in the X-ray structures, indicating that the separation of these residues to the counterion is maintained when pSRII is solubilized in DHPC. One of the residues, Arg72, that has been postulated to contribute to the blue-shifted color tuning of the rhodopsin is tilted away from the Schiff base and points toward the extracellular side, as observed in the X-ray crystal structures 22, 23 . All these observations endorse the reliability of the determined side chain conformations. No major structural differences were apparent when comparing detergent-micelle and small-bicelle environments, endorsing the validity of studies performed in mild detergents.
The choice of our structure-determination strategy was conservative and relied primarily on NOE distance information, supplemented by dihedral angles and hydrogen bonds in the α-helical regions. The complementary use of a mixture of deuterated, selectively protonated and fully protonated samples substantially increased the number of interpretable NOEs and resulted in a high-quality structure. The process was facilitated by the initial successful assignment of many methyl groups, which allowed the propagation of assignments onto other protons within those residues. Subsequently, we were able to assign residues that were in close proximity to the methyl-containing residues, thereby leading to a substantially increased number of mediumand long-range distances and markedly improving the quality of the structure. The primary aim of this work was to use pSRII as a model system for testing the feasibility of a NMR structure determination of a 7TM protein. Having solved the structure of pSRII, the question remains as to how representative or transferable this approach might be to other, potentially more sizeable proteins, such as the large family of GPCRs, and how successful following a similar strategy would be in solving their structures. In what follows, we discuss the possibilities and limitations and describe conditions we feel are likely to be necessary for such structure determinations to be successful.
Perspectives for GPCR proteins
Studies of GPCRs are currently challenging for any structural technique, as these proteins express in small quantities and are of limited stability, particularly in the unbound state. Samples must be conformationally and chemically homogeneous and stable at high concentrations. Compared 
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to other structural methods, current NMR studies of GPCRs are impeded by the additional requirement for isotopically labeled samples. Despite these problems, there are encouraging indications suggesting that, in the near future, heterologous expression systems will provide labeled GPCRs in sufficient quantities to produce NMR samples. Certain GPCRs can already be expressed in E. coli in functional form [33] [34] [35] [36] [37] [38] . The levels of expressed protein are relatively small, requiring large-scale preparations, which for isotopically labeled samples are necessarily rather expensive. The recent successful refolding of several GPCRs 39 has shown that the high-level production of GPCRs from E. coli inclusion bodies presents a viable choice for obtaining such proteins 40 . Alternative systems to E.coli that allow the expression of isotopically labeled proteins are becoming available for GPCRs 41, 42 , such as P. pastoris 43 , cell free-based expression systems 44 and baculovirus-insect cells 45 . Undoubtedly, pSRII combines several favorable characteristics that helped to improve the quality of the final structures. Any forecasts based on pSRII need to be qualified by considering how much of a nonuniversally applicable advantage these properties may have represented.
Although the improvements from the carefully optimized pSRII sample conditions, together with the excellent spectral dispersion, were of great benefit for the 15 N-based backbone assignment task, their favorable impact was far less noticeable with regard to the 13 C spectra. In general, the latter spectra were very crowded. Aromatic residues typically increase the signal dispersion, but in pSRII, the number of these residues is slightly below the average expected for the transmembrane regions of such proteins 46 . In contrast, the distribution of methylcontaining residues in pSRII is very typical for α-helical membrane proteins. A similar assignment strategy for the methyl-containing residues should therefore be equally applicable to other 7TM proteins.
The majority of membrane protein NMR studies to date have been conducted at elevated temperatures of 35-45 °C (ref. 6) , including our work at 50 °C. It is unrealistic to propose high-temperature studies using wild-type GPCRs. Even at room temperature, their lifetimes may be too limited to allow the recording of 3D spectra. Nevertheless, progress has recently been made through limited mutagenesis leading to the production of substantially thermostabilized GPCRs, as was shown for β 1 -AR 15 , bovine rhodopsin 47 and the A 2a receptor 48 . Because NMR spectroscopy benefits from the effects of the increased spin-state lifetimes at higher temperatures, suitable GPCRs will need to be sufficiently thermally stabilized. Such stabilization has been used to great benefit for recent X-ray structure determinations and is certain to become a general and determining necessity for undertaking NMR studies. We have obtained preliminary 1D NMR and translational diffusion results on a bona fide GPCR, a 320-residue β 1 -adrenergic receptor that has been thermostabilized through such limited mutagenesis 15 (Supplementary Table 4) . Our preliminary results reveal a sample lifetime at 35 °C of 5 d, which is sufficient to record complex heteronuclear NMR experiments once an isotopically labeled sample becomes available. We found the size of the solubilized protein to be only ~25% larger (~85 kDa) than pSRII, which, from a sensitivity perspective, is well within the functioning limits of the methods described here. We also simulated the feasibility of working on a larger protein-detergent complex by repeating the backbone assignment of pSRII at a lower temperature of 35 °C and higher detergent concentration, under which conditions the increased solution viscosity imitated the behavior of a larger 110-kDa complex. Even under these conditions, we were able to complete 90% of the sequential assignments as well as obtaining numerous amide-amide NOEs.
Increased spectral overlap for larger proteins will require the adaptation of the NMR approach to prevent a deterioration of the achievable structure quality due to a lack of NOEs. In our experience, it was relatively easy to build the individual helices based on NOEs, dihedral angles and hydrogen bond restraints. This information is likely to still be available for a protein larger than pSRII, so we expect the delineation of the α-helices to remain feasible. GPCRs vary substantially in size, but this approach should still work for the small-to medium-sized (350-400 residues) members of this extensive protein family. Alternative methods can then be used to determine the orientation and packing of the α-helices to compensate for the probable lack of interpretable long-range NOEs. The efficient use of such complementary structural information in the form of paramagnetic relaxation enhancement techniques 49 has been successfully shown for membrane proteins using site-directed spin labeling 5, 50 . If required, this powerful distance method can be further supplemented by techniques that rely on the introduction of a small level of anisotropy to exploit pseudo-contact shifts 51, 52 and dipolar couplings [53] [54] [55] to further improve the relative orientation of the individual helices. Such approaches will remain suitable for proteins larger than pSRII, for which overlap of the side chain signals has become too extensive to allow substantial assignment of long-range information.
In summary, we have shown by our high-quality structure of the archaeal protein receptor pSRII that the structure elucidation of a detergent-solubilized 7TM protein is feasible by high-resolution NMR. Based on these results, following a careful review of the impact various influential factors have on the progress of such studies, and after evaluating in particular whether the more beneficial properties of pSRII might have overly aided our work, we come to the conclusion that similar NMR methods should be applicable to small-to mediumsized members of the important GPCR family of 7TM proteins, even if their larger size compared with pSRII will require certain modification to the strategy used for pSRII. The NMR techniques to undertake such structural studies are available today. Such work will require substantial quantities of isotopically labeled GPCRs, and although this is still a challenge to obtain, recent work has made appreciable progress toward overcoming the current obstacles. It will be necessary to conduct structural studies at elevated temperatures, requiring the use of engineered GPCRs, where mutations have appreciably increased the thermal stability and lifetime of the proteins. Such engineering methods have recently been established and have resulted in the successful solution of several X-ray crystal structures. These techniques can be readily transferred to other proteins, which will lead to sufficiently stabilized GPCRs for solution NMR studies. Overall, the outlook is very encouraging and, together with the results presented here, indicates that many smaller GPCRs should soon be accessible to structural studies using solution NMR techniques.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. Accession codes. Protein Data Bank: Atomic coordinates of the structures of DHPC micelle-solubilized pSRII have been deposited under accession code 2KSY. BioMagResBank: Chemical shifts have been deposited with entry number 16678.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
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